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These monographs are to be regarded as guides to design and not as NASA require- 
ments, except as may be specified in formal project specifications. It is expected, 
however, that these documents, revised as experience may indicate to be desirable, 
eventually will provide uniform design practices for NASA space vehicles. 





For sale by the National Technical Information Service, Springfield, Virginia 22151 — Price $3.00 



(D c: <D 


»rt W ^ 73 

g q; o> o 

W OJ S 

g” ^ « w 

a 

2 I t5 

I S 

C . 

w) c .2 

,£f , rC 

o w to H 
'O a; +-> 

-O C 

o 3 g 


o <1> WD 
-C g G 

4-> 


W ^ 3 J 

O 73 ^ 


M 73 O 


^ S pi 

fii H 


> OS > 

a; >> c« 

^ 73 SfJ^ 

4^0'^ 

^^ § o s 

c S ^ 

o 0 ) o a> 

4J *3 ^ 

U '•->+-» 

”..|S'S 

5 1 i I 


.y 03 

4_ ^ X 

O ^ 


5 .2 t 5 

w .‘tJ c g 

oj g 3 o 

rj 03 y «M 

S S c 

r^ 73 .p-i 


^ Vi X 

c« :3 Q 


.Sf S 3 


03 ^ 

S *:2 73 
yC 3 73 

H W) oj 


1^'' 73 
O 03 
W T3 
03 ft) 

« .ti 3 
g '“ <« 
« n M 

Crt 


2 Si) « 

” ••««» I— < 

CO 

0 s ^ 


^ < 1 ^ .S 3 
2^0, 
S 5 o 

co ’r +j 

s 

^ d o 

03 O X 
73 Tl _ 


o d j-« 

^ *d S 

O W3 
03 03 .Xr 


'd .b 'd 


Cd 73 , 

S C 

o o 
o -z « 

<“ u r/> 

’O 03 2 I 

73 

o ^ +j « 

•c ^ 

C 73 73 

>> , 

-a — 

^ 2 a 

N 5 ,W 

c >5 ’’o 

rt g ^ 

£? I “ 

o « g' 

S3 ^ o , 

^ ^ o 

(u g 

^ .g g 

73 ^ q-i 

c ti 

2 *5 'S 

<-> S 

03 73 U. 
73 O 

^ 03 

o 3 xi 

W w H 


material available to and useful to the designer. 
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Fundamental phenomena and theories are reviewed brietly, and the interreiationsnips 
of the critical performance parameters are established. Methods for predicting the 



time histories of motor pressure, thrust, and mass flow are presented, together with 
techniques for evaluating the parameters that are necessary inputs to these predic- 
tions; these methods include of course those necessary for identifying and evaluating 
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exit exhaust velocity and pressure, ambient pressure, and nozzle-exit area. In turn, 
the initial three parameters are dependent on propellant and motor characteristics 
that may include propellant burning rate, density, burning-surface area and progres- 
sion, combustion-chamber pressure and gas temperature, and various geometric 



characteristics of the nozzle. Other variables (e.g., specific impulse and thrust co- 
efficient) often used to evaluate or compare the performance of rocket motors are 
highly dependent on these initial three parameters. 
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The contributions of the igniter (sec. 2.1. 1.2.1) and inerts (secs. 2.2 and 2.3.1.2.2) 
normally are secondary factors in predicting overall motor performance. Propellant 
mass flowrate is predicted from the expression 
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The requirement for higher performance motors has forced the designer to develop 
this second method of calculation. As pointed out in reference 5, the effects of 
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where subscript 1 identifies the forward end of the element and subscript 2 identifies 
the aft end. Equation (5) is developed by applying the momentum equation to this 
element and assuming steady flow: 


+ 



summing these incremental variations has been very successful (refs. 1 throug] 



2. 1.1. 2 Transient Performance 
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The transient phases most often of concern are motor ignition and tailoff or boost- 
sustain type transitions. However, both oscillatory combustion and vehicle accelera- 
tion can introduce transient phenomena. The possible occurrence of either condition 
must be considered by the designer. 


<D 0> (D 

2 H « 


^ 3 


^ -rt 

^ CO ^ 

C r/3 

XJ o ” 
c ^ 

« o 

U ^ 

CO ^ 

c 2 *C 
^ 2 'S 


c 

C CO G 

u W) . 

C 

(D 

^ h H 


2 ^ 

“I » 

O) CO 

2 a C 
2 2 § 
- “•■o 

. a> (u . 
c x: c 
O +J o 


CD 

c 2 

.2f 

43 

‘4-i 

2 o 

G ^ 

CO 

0) 

■4: 

Ci€ 

G 



<D 

0 

c 

*u 

G 

o5 

o 

43 

+-> 

u 

4: 

4-> 

Q 

^ o 

O4 'M 

G 

^■4 


c: <D 


» 0) (U 

2 

OS 

2 

^ G 
•G <1> 
5? S 

>> *5 -M 

O 2 

^ 42 <4-1 

a o 
2 o 
43 i5 


W) 

,S o 

O CO g 

g 'O 

a ^ 2 
a g 

.2-S a 

'O -V 

q; G 

1-2 « 
> «i-i 

C .5? 


42 2 G 
O OJO c« 
u o 
Pi u ^ 
Pi 2 

tJ o 

G CO 


g“ 2 

£ * . 
G "P 

CO C3 o 

O g 
o G 

t5 fl 

s a 0) 

o c o 
<u o S 
euo o _2 

G ^ 
G - ^ 
OJO - <4-1 

w o 

<U ‘w 
4: >> G 


<4-4 QIJ 

CD G -M 

U O 

2 G 

g 4-» 

_ 42 o 


44 ^ CO 
G SJ G 
4-. N 43 


ft > ^ 

^ o 2 

o 5 <i> 

>-t Oh 

a G E 


w 33 y< 

o a ^ 

S <U M 


G ^ CO 

O (P ^ 


c ^ 
4-> G ^ 
G 5 9i 

43 J-. O 

Gj O O 


w a o 

<zt 

o< 

aJ ^ ^ 
,o ^ 

G G 
CD 

^ fi) 

G fl 43 
W).S 

s '"'S 

O CO ° 

G 

4-a G 2 
G 2 

o G G 

Jh Oh -M 
<4-h CO CO 


O E o 




which can be solved to express chamber pressure as a function of bleeddown time 
for choked flow: 



chamber stagnation pressure at propellant burnout, lbf/in.2 
time from propellant burnout, sec 
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velocity or mass flux flowing parallel to the burning surface lead to an increased 
propellant burning rate. This augmentation often is referred to as “erosive burning” 



fei, fe 2 • ' • feio = experimentally determined coefficients and exponents 
Utv = threshold gas velocity, ft/sec 
Gtv = threshold mass flux, lbm/sec-in.2 







Combustion gos velocity, u ft/sec 


Figure 1. — ^Typical effect of combustion gas velocity on burning-rate augmentation 

(ref. 15). 
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nozzle. These patterns, as predicted analytically, can be quite complex ir 
the ratio of tangential-to-axial velocity becomes much greater than unity. The 
hot combustion gases in these backflow and recirculatory patterns tend to im- 
pinge on the propellant and produce local variations in the burning rate. How- 
ever, the patterns tend to be unstable and break up readily when disturbed. 



Finally: Rotating flow in the combustion chamber establishes pressure gradients 
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Computer programs used in performance predictions are capable of analytically 
simulating nople throat- and exit-area variations that may occur during a motoi 
firing. The simulation techniques differ in mathematical manipulation. 
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Thrust coefficient prediction requires analysis of high-temperature subsonic, transonic, 
and supersonic flow fields in which a two-phase medium, chemically in nonequi- 
librium, is gaining momentum through expansion. Simultaneously, the flow is losing 
energy because of friction, transfer of heat, and radial expansion. The differential 



equations that express the limiting condition of irrotational flow of a compressible 
fluid in these different Mach number regimes differ in form. In the subsonic regime, 
the partial differential equations are elliptical; in the transonic regime (0.8<M<1.2), 
mixed; at the sonic condition, parabolic; and, in the supersonic regime, hyperbolic. 
Different mathematical techniques are required to evaluate these flow regimes. 
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factors as well. More recent data (fig. 6, from ref. 34) have isolated the influence 
of submergence per se, and in so doing indicated that its effect on overall motor 
performance loss is less severe than originally projected. 



Flow characteristics evaluated at the transonic control surface are used as inputs 
to a method-of-characteristics analysis of the supersonic flow field in the nozzle 
exhaust cone. Thrust augmentation by this divergent section can be calculated by 



integrating the pressure forces along the nozzle wall. Total nozzle thrust coefficient 
is computed by summing the thrust, equation (1), at the transonic control surface 
and at the nozzle-exit wall: 
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Figure 7. — Typical effect of nozzle length on vacuum specific impulse efficiency 
(optimized conical nozzle configuration) (ref. 39). 
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This method is applicable for perfect gas flows because the throat conditions 
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igure 12. — Data on the drag coefficient of spheres (adapted from ref. 80). 



Table I. — Drag Coefficients for Spherical Particles 
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cate that the boundary layer in nozzles for solid propellant motors is composed 
primarily of gas with few particles (ref. 88) . Exceptions occur only if the particles 



are so very small that they have no channeling tendency or if the nozzle 
long and its contour permits particle impact (ref. 58). Therefore, bound 



Particle-lag loss 

Boundary-layer loss . . . . 

Heat losses 

Nozzle-divergence loss . . 
Combustion-efficiency loss 


These values indicate that boundary-layer losses can be as significant as particle-lag 
losses. Similar calculations for nozzles of various geometries having 10: 1 expansion 
ratios predicted boundary-layer losses ranging from 0.45 to 1.0 percent of the corre- 
sponding value. These calculations predicted motor performance values to within 
1.5 to 2.5 percent of those delivered. 


00 
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Presently, some confusion remains as to which terms in equation (22) are corrected 
for divergence losses. Therefore, a brief development of the point-source flow 


T3 T3 
o> o 



It is assumed that the streamlines in the expanding part of this conical nozzle are 
all straight lines that intersect at the point 0; this assumption provides the basis 
for the term “point-source flow/’ The control surface indicated passes through the 
spherical segment of radius r over which exhaust properties are constant. Vacuum 
thrust can be determined by integrating across this spherical area: 


where the subscript c' refers to conditions evaluated at this spherical segment. In 
converting to the x-direction, the following substitutions are made: 
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CM 
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Then equation (24) becomes 



Further, the ratio of areas can be expressed in terms of X as 


With this substitution, equation (27) becomes either 



(ref. 95). 



Thrust efficiency factor -qp is an empirical parameter based on correlations with 



2.1. 3.2.3 Flow Separation Effects 


The performance of a rocket motor may be significantly reduced if the motor oper- 
ates at an ambient pressure considerably higher than that for which the nozzle was 
designed (fig. 14). This over-expanded condition often is encountered in sea-level 



Figure 14. — Typical influence of expansion and pressure ratios on thrust coefficient 

(ref. 96). 
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(ref. 96) from their extensive review of flow separation in conical nozzles. They 
relate separation, ambient, and chamber pressures in the expression 
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Figure 16. — ^Typical effect of mass flowrate on test motor Igpa efficiency (ref. 27). 
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With an ideal nozzle and vacuum operation, the equation reduces to 




(c) Effect of particle lag (^) Effect of nozzle throat radi 

of curvature 









where J is the mechanical equivalent of heat, 778.2 ft-lbf/Btu. 
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Figures 18 and 19 (from ref. 105) depict experimentally determined correlations 
between specific impulse efficiency and motor chamber pressure and between specific 
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the factor contributing to this additional loss. In these tests, the chamber volume 
increased to increase burning surface and operational pressure levels; this volume 
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As previously discussed, propellant Igp^ is greatly dependent on design characteristics 
and operational conditions of the motor in which the propellant is used. This 
dependency often necessitates scaling small-motor delivered specific impulse before 
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The first two techniques are most commonly used. 
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of basic linear burning-rate characteristics, the motors are typically from 2 to 6 inches 
in diameter; and the grain is designed to produce a rather neutral pressure-time trace 
with sharp tailoff characteristics. The port-to-throat area ratio generally is greater 
than 6 to maintain the gas flow below the threshold value for erosive burning. 
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The number of tests required to identify propellant pressure and temperature de- 
pendencies is based on the degree of confidence desired for performance predictions, 
the type of small test vehicle being used, and the operational envelope of the full- 
scale motor. 
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Propellants showing a region of markedly reduced n are known as “plateau” pro- 
pellants. Certain double-base propellants containing small amounts of lead com- 
pounds and some polymer binder/ammonium perchlorate composites exhibit a re- 
duced n. Lead compounds increase the burning rate in the plateau region and at 




lower pressures; without the lead, the propellant would show a normal curve coin- 





or the strands are burned under water or oil so that no external inhibitor is re- 
quired to induce cigarette-type burning. The latter tests are particularly useful for 



00 


(b) There is a threshold gas velocity and mass flux below which erosive 



Von Elbe (ref. 127) originally developed the following burning-rate pressure/tran- 
sient relationship, which subsequently was modified by Paul et al. (ref. 128) and 
Parker and Summerfield (ref. 129): 



lyzed are similar to those for which data are available. 
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Figure 23. — Effect of acceleration on burning rate for different propellants (ref. 21). 
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line, a barrier that is impermeable to chemical diffusion. 



2.4 Prediction of Performance Variability 



Table III. — Ballistic Performance Variation 
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The propellant parameters requiring consideration include burning rate, pressure 
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successive increments down the propellant cavity until a nozzle-entrance pressure 
is obtained. Nozzle-entrance stagnation pressure Pc should be predicted by using 



both the momentum and continuity principles expressed in Bernoulli’s equation 
for one-dimensional, isentropic gas flow (does not treat particle flow): 



3. 1.1. 2 Transient Performance 
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( 1 ) Combustion gas temperature and pressure are uniform throughout the motor. 

(2) Perfect gas laws are valid. 

(3) Igniter gas has same temperature and heat capacity as propellant gas. 

(4) Burning surface Ai(t) is a function of flame propagation rate. 

(5) Only sonic conditions for nozzle discharge exist. 
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After propellant burnout, chamber pressure should be predicted by using equation (10). 



3.1.2 Burning-Front Progression 



Prediction of burning-front progression rate shall be based on linear or 
semilinear burning-rate expressions whenever 


(1) The solid propellant grain configuration is such that the chamber 
pressure is essentially constant over the propellant burning surface. 

(2) The mass flux in the grain cavity is less than the threshold value. 

For “equilibrium” steady-state performance predictions, a burning-rate expression 
such as de Saint Robert’s law, r = aP«, is recommended for use. If a plateau or 


in 



combines aspects of fluid flow and heat transfer and postulates a central core of 



However, empirical expressions of Kreidler and Peretz or Saderholm can be used 
effectively. These equations are fits of experimentally determined curves of burning 
rate as a function of pressure and mass flux and gas velocity. Figures 1 and 2, 
respectively, are typical examples. Kreidler’s expression (ref. 16) (recently ex- 
amined by Peretz (ref. 137) ) is 
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It should be emphasized that there is an inadequate basis for accurate predictions 
of the influence of acceleration on motor performance. However, the effect of ac- 



celeration cannot be ignored; and, to provide the best available basis for analytical 
treatment, the following recommendations are made: 



<N 

<X> 



flowrate per unit area should duplicate those expected in the full-scale motor. 



<L) » C » 

I 

8 'S * 

<D .2J * : 

>>^ U ^ ’ 

.■tj ml w 

Jh »rt c 

9 S .2 ‘ 

'll 

.S o 

M « -s s 

(U S a ■ 

rt ^ ^ 

«l.sl 

^ 2 o ^ ' 
^ S w 

o 33 

N ^ p s-t , 

o 

>;S s s 

X 

a 5 <i> +3 , 
g O 

o (U 

O « ^ .S 

^ C3 

M S o S 

S I ^ 2 

|o| 

(D ^ ^ O 

8 la| 

I ^ c 

^ cS W) 

T 5 .5 w 

O <U 'M CC 

^ 2 
o< o ^ 

(D 0) 
+-> O W O 


J= C S s 
« •Sf'S g 
w 55 p =2 


' ^. S +j 
^ o g, 
« 't c 

rH O **"* 

: CO ^ 

'rt ^ 

; .2 -S 13 
t1 2 c 

: 1^5 

: o g 

’ .S S 3 

' -S 

► 'C ^ ;3 
[<!>_»-( 

) ^ Xi ^ 

’ !=! .2 
' 2 -g -o 

I § ^ 2 


' <D 

.S -a M 

<U w T 3 
^33 

•fl rj IM 

m o 
*’"’ • 

P ti ^ 

>H C 3 q-< 
* ^ 2 
S 

« & 

^ ^ rr. 


L C 

S -4 

£ 2 ^ 

^ I3 g 

d w CO 

O »-2 


o ^ a 


(u §i a , 

«3§ 

SS“ 

'C 

. O CD 

5 ^ T3 


|8| 

S “ .a 

o 2 
o P 


2 ^ 23 

^ a 2 

o s-i ,a 

a h 


■3.^ ° 

3+^0 

«3 

o fi 

.2 150 33 

s ■« 2 

I -u g o 

I I O <-i 
I CO '4-< ^ 

1 /»v 

W)n3 gi 

I p 
1< T5 .w 
P ^S oj 

1 a: cy -y 
' C« p iS 

I +J T3 


O P t 3 

Sh O QJ 

'3 ^ "S 
s p 

p 3 <I) 
o ^ u 

^-l ^ 


CO 

CO 


Cp/gc (56) 



c 

o 


"a 

0) 


<0 

o 


(0 

c 

< 

O 

CO 

0) 

G 


CVJ 

CO 

I— I 

00 


a 

CO 


•4^ Q) 
CO ^ ‘ 
3 



•t^ 'G 



G ^ 
2 G 


1 

fG 


0 




CO 

2 ^ 

4*»- 

■w 

fG 

4J 

X 

qT 

^ & 

/-N 

0 

0 ^ 

3 

G 


CD 

CD 

tuo 

G CO 

0 

$H 

3 

Xw^ 


0) 


> 

3 >-i 

CD 


b* G 

U 

^ C 

bJO cn) 

G 

CD 

fS V 

0 

4-4 

G 

CO 

CO 

CD 

M C 

G 

u 

M G 

f-h 

a 

0 *- 
c 

3 

2 3 

3 

+j 

4 .) 

0 G 

n ^ 

2 0 

CD 

3 

•W Q) 



fC 

§ a 

fJ /IX 



a S 

•w o 
3 


Q) ^ 


N 

o 

^ s 
'^5 
2 S 

II 


a o 


3 

- - .S 
.H S -Q 

s 

III 

11 «- 
■w Q ^ 

o 

c ^ 

° cl 

T3 — <+^ 
0) 

T3 CO o 
rt ^ CO 
cn 


-r- CO 
0) CO 

Q 5 


3 

a 


c -o 
>> . 

•3 U 

CD 


3 y 

^ t: 

a 3 

o “ 

3 S 

3 G 

o o 

X3 O 

CO 

^ .'y >> 

G ^ 

CD <U 

o 

<D 4-> O 

O u 
CJ CO <D 
CO c 

^ 2 I 

3 
G 
O 


O G? 


CO 

3 

u 

g: 


S 

3 

N 

o 

;2: 


CO 

CO 

CD 

a 

X 

CD 


lO 


K; 


+ 

*w^ 

o 

o 

f— H 

CD 

> 

'w' 

o 


CO 

CO 

CS 

a 


W' 


< 

a, 


i:^ 


a 


u 


G 

O 

'■H 

o 

2 


X 

CD 


U 

o 

4-> 

o 

CD 

> 


G 

3 

CD 

g: 


/f 

0 

$H 

0> 

G3 


CO 

3 

bO 

G 

3 

f-H 

3 

3 

CD 

U 

O 


3 

CD 

3 

G 

CD 

S 

s 

o 

o 

CD 

Ih 


CD 

3 


CN 

CO 


CM 

G 

0 

*t5 s 

s:s 

«4~< 

G 'S 
o 

3 ^ 

1 ^ 

o 2 

> 5 

(D 

)h o 
W N 

3 2 

O' ^ 

G 


CO 


u 

CD 


G 

3 


^ W) 

2 ^ 
H u 


3 

0 
CO 

»•»» 

3 

C 

3 

Q> 

1 


CM 

CO 


CO 


^,2 

O 

3 

3 O 
^ 2 

s 

o ^ 

G 3 
O G 

3 o 
o 

3 <s 
0) *>»* 
>: G 

a o 

<o 

^ G 

S cs 

}k. 

3“ 

0) 

3 *2 
G 

Q> O 

:S^ 

G S 


Q> M 

2 § 

3 ^ 

3 

3 > 

0) Q> 

CO 

3 ^ 

G 2 
3 3 
3 

^ 3- 

O ^ 

Gi 3 

Q 

- s 
^ 0, 0, 

CO G 

e .2 5? 

O o 


0) 

£ 


CD 


a> 


3 G <l> 

3 O Sh 

G > 3 

.2 

^ .2 

O G 

CD ^ 

3 


s .s 


t4-( 

o 

K 


3 

G 

3 


O 

la 


4-1 

CD 


^ 3 

S 2 

S O) 
G 

CD 

w hn 


X 
O 3 


G 
So 

CD 

I 

2 5S 


2 S > 

3 0 0 
a .S3 3 
w > o 
3 G ^ 
W3 *' 


G 

O 

o 

2 

3 

CD 

G 

4-> 

X 

a 

CD 

0 

3 

{-) 

3 

a 

1 

CO 

3 

Cifi 

CD 


O 

X 

CD 


g g So 

8 § g 

-■S-® 

CO 

CD 

if ^ ^ 

fQ 2? 

G 

3^0 

CJO 

o • ^ 

G g 
o G 
o *-t 
o o 

fG 


CO 


0 ) 


CD 

fG 


3 

G 

3 


CD 

W) 

O 

5 

>. 

fQ 


3 

2 

3 

a 

CD 

;-( 

a 

CO 

s 

3 

W3 

O 

Jh 

a 


CD 
fG 

Kn ^ 

W) o 

C Jh 


3 

S H 

G 

w 

^ w 

3 CD 

;h 

C S 

a X 
a 


N 

F^ 

13 

G 

3 


a G 


3 

a 

3 

CD 

CO 

G 

CD 


o 

G 3 
C 

CO G 
CD 

-§ S 

fc-t 

G 


OJ CO 

£•" 

U 

G O 
O 

CO a 

CD CD 

o o 
O o 

4h ^ 

K. ^ 
F^ O 

G 22 

o ^ 

G 

CD 

tS CO 


in 3 
w bb 

... CD 

^•s 

G 

o »o 


3 o 
G 


C 

G 


8|.2 
O “ w 

fG o 

^ fl s 
>> « t; 

4 -> a 

^ 2 
O G ^ 

.in 3 


G 

3 


O 

43^ 

+-> 

CO 

G ^ 
W) O 

I 

4D 

o W 
5 o 

CD tn 

o ^ 
fG 

4-> CO 

»« 

St* 

CD +J 
fQ 

O CO 

bJO G 
G 

O G 
fG 

“ CO 


G 

O 

+2 

G 

fG 


W) 

o .Si 

!5 S 


u 

3 

a 


CO 
CD 

Ui 

CD 
fG 

a 

CO CO 
CD 


3 


CO 


CO 


G a CD <!'• 

>fh i-H Sy j_) cn 


O ^ 

o 

fG 

H ^ 


CD 
3 
G 

CD 

s 

o *o 

O 
CD 


G 

o 

o 

o 

CD 

£ 

> 


_ CO 

G G 

>>“< CD 
3 
G 


* 3 
to o 
C *r3 

.£f S 

w o 
CD fG 


f2 o 
N CO 

CD N G 

O fG 

3 G a 


-2 

^ XJ 
+-> 
CO 

a; ii =5 

x: o ° 

+-> *G 

t: o 

^ 2 G 

CM a 5 

^ 3 

*rt u 

iS O ^ 
■g CO p, 

3 


W) 
3 

^-o 

cfl S 
o 
o 

S .2 

o > 

’■§ - 

3 CCS 

a 


I'ffi 

[o 

t! 13 

3 o 

ar 

CD 

TS fG 

CD a 

CO CO 

G 

2 
3 


CD 

G 

O 

O 

CD 


X 
O 

a S 

a CD 
3 u 
o 

CO .2 
w 'G 

g 

3 o 

4-> 

CO 

a a 

CD G 
CUO w 
CD 

a CD 

.N 

CO 


CO fG .G 


G G 

rtx *r* 


CD 


CO 3 ^ 


G O 

CCS 

2 ft 

G w 
CD G 
CD CD 
> 3 
G 

CD O 
fG u 


$-4 

w 3 

5 a 


^ CD 
fG 

G ^ 
O 

•fH /'~S 

It 

U 

^ 3 

G ^ 
.G 3 


CO 

3 

CD 

$-1 

CD 

fG 


3 
0 ) o 

N ^ 
*W CO 

a 


>x 

3 fG 


u 

o 


G 

G 

O 

u 

o 

3 

G 

3 


o 

ffi 

f2 

fG 


CO 

O 


3 

CD 

fG 


CD 

CD 

a 

CO 

3 

G 

3 


fG 

.S? 

O 


f5 j 3 
G g 
O O 

f2 

2 

S'!3 

> 

4J 

G ^ 
3 5 
4-> G 

CO +-» 


2 G 
G 
2 

fG 3 
CO 


w 


00 


10 

.2 

<G 3 
G 

^ G 

o . 

*3 ^ 

S ^ 

O CD 
CO ;h 
fG 

G 

” ^ 
« .2 

CJ 4-1 


^3 
G G 
O 

CO ‘00 
G G 
O CD 

S .§ 

g 2 

W) CD 

x= § 

s I 

.5? w 

55 S 

CD G 

3 

XJ 
O CD 

S ^ 

O 3 

« g 

O 0) 
a fG 


CO 



o w C! 


3 <U W) 4, 
m w oJ S: 


> S 52 ^ 
? F cj oj 

O 5 O 

« *2 « 

O 1-H ^ 

O Qi N 

> .y N 
2 <D ft 2 

^ ^ 


VI 

S 'O 
^ ^ Si 

W) ^ 

« § 
fi s 

•" s 

g 8 

I 2 00 

w w 

rt I § 

'Q o ^ 

o ^ 

' S « « 

- c^ § 
u 

d 4h 

<J <u 

■s ^ ^ 

o O 
o qn - 

CM .. O 

O iJ ^ 

‘G 

. ^ -X3 o 

O M W 

C 0) 

c« ftTJ 


JO 0) 

s ^ 

Q, »5 +f 
o c ^ 
^ *- o 

"^=iifc 

}r CJ 0) 
0^0 
CO O 


CO d h 

C3 

a; ^ T3 
^ ^ <u 

^ 4-> 

2 G O 
d 

o d 

CO ^ 

S ’O > 
O ci) oS 
^ 

d ^ 


W Q 

'°’§ I 

<u CO O 

N ^ 

’w G ^ 

^ 8 “ 
c« fft O 

S ft 

G <i> 'O 
^ 2 
s. 

o 

S CO JO 

-d ^ S 
^ -ft 5 
’G -F 

ft S 

o d 
iS '3 

d 'TH ft 


J, O T3 I 

,”S§; 

.S?|i 

S « o ' 

w N C i 

' =* w o : 

o « • ' 

‘ Cm d d w 

o -y 1 
'8 :g ' 

§ G O 

S rt ;G 

8 8° 

: 8 3 

I ^ : 

' 8 g_- 

I' 3 o< 

I u ^ 

I "d S 5 
1 G «S '5 
, u ^ . 
'o' - ''3 ' 

' ® a; (U 

G CO 
) C CO 

; ® 8 

f CO 

18 8'=. 

: G § ^ 

.SP !2 

1 CD 2 

j d ft 
o 

S t3 G 

j o c; 'o , 

ft 2 CO 

) ^ S ‘s ; 

3 .ft * 
5 ^T3 13 

3 rrt ft ft 
iS rt ■ 
i d c^ *H 

: 'o s -S 


si-BS 

o o o 

•i3 ^ a 


A mass-median diameter based on these correlations is recommended for use in 
performance predictions (ref. 71). Delaney’s maximum stable drop diameter model 
(ref. 62) and the data in figure 11 should be used to predict oxide coagulation 
or agglomeration. Two-phase programs currently available do not handle growth 
or shatter; therefore, maximum particle size should be used for a conservative per- 



formance analysis. Particle drag coefficient should be expressed by Carlson’s and 
Hoglund’s (ref. 72) semi-empirical relationship for spherical shapes: 



convective heat-transfer coefficient is then calculated with the standard equation 


convective heat-transfer coefficient, Btu/hr-ft^- 
thermal conductivity, Btu/hr-ft-°F 


CO 


CD 

CO 


CO 




density, temperature, and velocity occur in the transition region. In figures 18 and 
19, the results of Crowe et al. (ref. 105) using this approach are presented as 
functions of chamber pressure and throat diameter (discussed in detail in section 
2.3.1. 1). 

3. 1.3.2. 1.4 Boundary -Layer Losses 
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sin ad [ ) (62) 



where Ag is the local nozzle surface area downstream of the throat, Cf is the skin 



Wall heat flux = convective heat flux + radiant heat flux 
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The heat flux distribution should be integrated over the nozzle surface for the action 
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3. 1.3. 2.3 Flow Separation Effects 



eo.95 ~ Ei — if Ei > + 0.377 (66b) 

1.45 1.604 

and subscript 0.95 is the position in nozzle where static pressure equals 0.95 of the 
ambient pressure value. 


o 


full-scale motor performance. 
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3.3.1 Specific Impulse 

The propellant specific impulse value used in motor performance predictions 
shall be the specific impulse that can be delivered by the motor. 
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The analytical prediction of deliverable specific impulse shall account for 
losses upstream and downstream of the nozzle throat attributable to com- 
bustion inefficiency; entrance, divergence, friction, heat, and recombination 
losses; and two-phase flow lag. 



As specific impulse is a direct function of thrust coefficient, the recommendations 
madf» for tho analvtical nrediction of this coefficient also apply to specific impulse. 
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A propellant weight of about 50 pounds is recommended for the general small 
BEM charge. This will permit satisfactory scaling to all motor sizes. However, for 











a full-scale motor of nominal design and 30 inches or less in diameter, a satisfactory 
scaleup can be made from BEM’s with a 5- to 10-pound propellant charge. BEM’s 



Combustion-chamber liner material discharged during motor burning contributes to 
the momentum of the exhaust primarily through addition of mass. Under certain 
conditions and combinations, however, some kinetic energy is added to the exhaust 
stream. Insulation loss can be attributed to pyrolysis and erosion; its contribution 
to specific impulse has been expressed by Gordon (ref. 114) as 


o 





a = 

- O o 

^5 ^ ® a 
^ O O 

g s o S 

CO O <u 
O U g ft 

i-H r-l 


5 ’3 .2 

' cr +3 

O (D w 

n 


II II II II II 


lO 




Q) 

u 


O 








Values for propellant density utilized in performance predictions shall be 
known to a degree of accuracy commensurate with program requirements. 
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in section 3.3.3. 1. The recommended techniques to be used in determinin 



Motors used to evaluate linear burning rates shall provide burning under 
equilibrium pressure conditions and a neutral pressure-time trace with sharp 
ignition and tailoff transients. 
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type as illustrated in figures 20 and 21. With the data plotted in this form, co- 
efficients that describe the propellant burning rate as a function of temperature 
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where 



processing and propellant formulation should be prepared and fired. Thus the 
burning rate used in calculating full-scale motor internal ballistics should combine 
the various augmenting effects, i.e., 


3.4 Prediction of Performance Variability 

3.4.1 Variables 
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Dimensional tolerances on linear thickness, motor case inside diameter, and nozzle 
geometry should be determined from detailed drawings. Case and liner tolerances 
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